The interface structure and magnetism of hybrid magnetic tunnel junction-spin filter devices have been investigated and correlated with the transport behavior exhibited. Magnetic tunnel junctions made of theoretically predicted half-metallic electrodes (perovskite La 0.7 Sr 0.3 MnO 3 and spinel Fe 3 O 4 ) sandwiching a spinel NiMn 2 O 4 tunnel barrier exhibit very high
crystalline quality as observed by transmission electron microscopy. Structurally abrupt interfaces allow for the distinct magnetic switching of the electrodes as well as large junction magnetoresistance. The change in the magnetic anisotropy observed at the spinel-spinel interface supports the presence of limited interdiffusion and the creation of a magnetically soft interfacial layer, whose strong exchange coupling to the Fe 3 O 4 electrode likely accounts for the low background magnetoresistance observed in these junctions, and the successful spin filtering when the barrier layer is ferrimagnetic.
1 Interfaces play a crucial role in determining electrical transport across magnetic junction devices. Without considering the effects of the electrode-barrier interfaces, spin dependent transport behavior in magnetic junctions cannot be fully explained and understood. For example, the simple Julliere model [Julliere] of a magnetic tunnel junction (MTJ) where the conductance depends on the relative bulk spin polarization of the electrodes does not adequately describe real MTJs. It is now largely acknowledged that the interfacial electronic structure needs to be taken into account to accurately describe magnetic tunnel junction experiments. [Woods] Recently, magnon excitations at interfaces [Moodera] and bonding effects at the electrode/barrier interface [Butler] have also been identified as factors affecting junction transport.
Our recent work on magnetic junctions composed of perovskite structure La 0.7 Sr 0.3 MnO 3 (LSMO) and spinel structure Fe 3 O 4 electrodes with spinel structure NiMn 2 O 4 (NMO) barrier layers have shown that even within one junction, the transport can be dominated by the electrode-barrier interfaces or the bulk properties of the barrier layer itself depending on whether NMO is paramagnetic or ferrimagnetic, respectively. [NC07] These two different conduction mechanisms directly highlight the passive or active role of the barrier layer in comparison to electrode-barrier interfaces in the spin transport. More specifically, above the T C of the NMO barrier, when the barrier layer is paramagnetic, the two different electrode-barrier interfaces dominate the spin transport behavior, resulting in an asymmetric bias dependence of the junction magnetoresistance (JMR) and inelastic tunneling spectra (IETS). Below the T C of the NMO barrier, the properties of the barrier dominate the spin transport behavior over that of electrodebarrier effects, resulting in a transition to a symmetric bias dependence of the JMR and IETS.
Our discovery of the coexistence of magnetic tunneling behavior when the NMO is paramagnetic and spin filtering behavior when the NMO is ferrimagnetic suggests new routes in 2 the design of magnetic devices where the transport can be tuned by the barrier layer. Both tunneling and spin filtering behavior, in different temperature regimes, are possible because of the lack of magnetic coupling at the non-isostructural perovskite-spinel LSMO/NMO interface and strong magnetic coupling at the isostructural spinel-spinel NMO/Fe 3 O 4 interface. This has been verified by element specific X-ray magnetic circular dichroism interface studies. [NC07, NC08] However the atomic structure of the LSMO/NMO perovskite-spinel interface and NMO/Fe 3 O 4 interfaces must be explored in an effort to explain the magnetic interactions at these interfaces.
The structure and magnetism at each interface must then be correlated with the transport behavior in these half-metal-based junctions.
In this paper, we correlate the interface structure of these hybrid MTJ-spin filter devices with the magnetotransport. With our transmission electron microscopy (TEM) and scanning TEM (STEM) studies, we will show the successful deposition of highly crystalline abrupt perovskite-spinel heterointerfaces. In these crystalline LSMO/NMO/Fe 3 O 4 heterostructures, the JMR is as high as -30% and the magnetic switching is sharp and distinct, indicating that the electrodes are not magnetically coupled. We will show that the change in the magnetic anisotropy at the NMO/Fe 3 O 4 spinel interface supports the presence of a magnetically soft thin interdiffused interface layer of (Fe,Mn,Ni) 3 O 4 , whose exchange coupling to the Fe 3 O 4 electrode likely accounts for the low background magnetoresistance seen in these junctions, and the successful spin filtering when the barrier layer is ferrimagnetic. Both (110)-oriented LSMO and Fe 3 O 4 films have strong in-plane uniaxial anisotropy, which is optimal for magnetic switching, along the [100] easy direction. Recent work on the manganites also suggests that the magnetism of (110) planes is more robust than that of (001) planes. [Infante08] The LSMO perovskite layer was deposited first at 700°C in 320 mtorr of O 2 . The NMO spinel layer was grown next at 550°C in 10mTorr of a 99%N 2 /1%O 2 gaseous mixture. Single NMO films prepared under these conditions exhibit a T C of about 60 K, a large coercive field of 1. The crystallinity and epitaxy of the individual electrode and barrier layers in the trilayer heterostructure were investigated by high resolution X-ray diffraction on an X'Pert Pro MRD and cross-sectional TEM and STEM using a FEI F20 UT Tecnai microscope at the National Center for Electron Microscopy, Lawrence Berkeley National Laboratory. Cross-sectional TEM was also used to study the interface structure in the trilayer heterostructure. Magnetization of the films was studied by a Quantum Design superconducting quantum interference device (SQUID) 4 magnetometer. The magnetism at the interfaces was also investigated by surface sensitive, element specific X-ray magnetic circular dichroism (XMCD) at the Advanced Light Source. As the mean probe depth of these techniques is approximately 5 nm, the bottom LSMO/NMO interface was investigated using a STO (110) Thus, there appears to be no noticeable coupling of magnetic ions at the LSMO/NMO interface even when the NMO is ferrimagnetic. This magnetic decoupling of the adjacent magnetic layers is necessary to achieve the spin-filter effect observed in these junctions. [NC07] At the NMO/Fe 3 O 4 interface, both Ni and Mn exhibit long range magnetic order at room temperature and their hysteresis loops coincide with those of Fe. [N-C08] A closer look at the magnetic properties of the sublayer region by XMCD indicates that the interdiffused (Fe,Mn,Ni) 3 O 4 layer is magnetically softer than the NMO and Fe 3 O 4 layers.
Whereas the magnetically hard nature of the NMO layer was evidenced while investigating the LSMO/NMO interface and is shown in Figure 2 , the bulk Fe 3 O 4 layer also has a larger coercive field than the interdiffused sublayer region, as shown in Figure 3 . Therefore, at the the highest resistance, we can hypothesize that the resistance rise with growing magnetic field is an indication of the increasingly parallel alignment of the interfacial electrode spins. In other words, larger (smaller) background magnetoresistance is an indication of greater (less) misalignment between the spin orientations of the two electrode-barrier interfaces. Since it has been shown that the perovskite and spinel layers in these heterostructures are magnetically uncoupled, [NC07] it is likely that this background magnetoresistance arises from any spin misalignment present at the Fe 3 O 4 electrode-barrier interface.
In junctions that exhibit such low background MR, it is surprising that the magnetically easy direction of the interfacial spinel sublayer detected at the NMO/Fe 3 O 4 interface is not coincident with that of the Fe 3 O 4 electrode above 60K, since such modulation of the interfacial magnetic anisotropy should contribute to misalignment of the spins at the electrode-barrier interface. However, the presence of this specific, predominately MnFe 2 O 4 -like spinel sublayer may in fact aid in the alignment of the Fe 3 O 4 spins to the bulk of the Fe 3 O 4 layer, resulting in lower background MR compared to other junctions, in the following way. When the field is applied in-plane along the [001]-direction, the magnetization of the Fe 3 O 4 likely causes the magnetically soft interfacial sublayer spins to experience a large molecular field, resulting in strong exchange coupling across the interface. Such exchange coupling between magnetically soft and magnetically hard spinel ferrite thin films has been shown to be quite strong. [Suzuki96] Furthermore, the strength of the interaction is inversely proportional to the thickness of the soft ferrite layer, [Suzuki96] indicating that a magnetically soft ferrite sublayer on the order of 1-2 nm thick should easily couple to a magnetically hard ferrite layer greater than 40 nm in thickness. 
